Biliary atresia (BA) is a rare pediatric liver disease characterized by progressive inflammation and fibrosis of both intrahepatic and extrahepatic bile ducts. 1, 2 The etiology of BA is largely unknown. A current view of the pathogenesis of BA suggests the involvement of both primary perinatal hepatobiliary virus infection and secondary generation of exaggerated inflammatory or autoimmune-mediated bile duct injury. 3, 4 One potential mechanism to explain the abnormal inflammatory and immune response is the loss of functional regulatory T cells (Tregs), defined by the expression of the surface markers CD4 and CD25 and the transcription factor FoxP3, which are indispensable for the maintenance of self tolerance and immune homeostasis. 5, 6 Dysfunction of Treg has been associated with an abnormal increase in CD4 + T helper (Th) cell numbers, which has been reported to have critical roles in bile duct injury of BA. [5] [6] [7] [8] CD4 + Th cells can be subdivided into three different types based on their distinctive patterns of cytokine secretion: IFN-γ-secreting CD4 + T cells (Th1), IL-4-secreting CD4 + T cells (Th2) and IL-17-producing CD4 + T cells (Th17). 6 In addition, human FoxP3 + CD4 + T cells can be divided into three phenotypically and functionally distinct subpopulations based on their CD45RA and FoxP3 expression levels: CD45RA + FoxP3 lo resting Treg cells (rTregs) and CD45RA − FoxP3 hi activated Treg cells (aTregs) that manifest suppressive phenotype in vitro, and cytokinesecreting CD45RA − FoxP3 lo nonsuppressive T cells. 9 The classification of the FoxP3 + T cell into three different cell subsets allowed experimental analyses aimed at understanding Tregs differentiation dynamics, involvement in disease states and the regulation of immune responses through manipulating particular subsets.
Because of the progressive nature of BA, up to 80% of patients eventually require liver transplantation. For reasons not clear, liver fibrosis continues to progress even after adequate bile flow is restored through a surgical Kasai portoenterostomy intervention. [10] [11] [12] [13] Mechanisms leading to liver fibrosis are largely unknown, but accumulating evidence suggests that immune cells are critical in modulating fibrogenesis. 14, 15 For example, in chronic hepatitis C, Tregs have acquired differentiation as regulators of fibrogenesis in addition to suppressing local immune responses. 16 Also, it has been reported that Tregs can interfere with the regulation of fibrogenesis by modifying the functions of NK cells. 17 Tregs and Th cells are key members of the immune system. Over the past decade, studies on the role of Tregs or Th cells in BA have focused on inflammatory or immune-mediated bile duct injury. 18, 19 However, the impact of Tregs or Th cells on liver fibrosis, and whether interactions between Tregs and Th cells
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affect the regulation of hepatic fibrosis in BA have not been adequately studied. In this study, we analyzed the dynamics of Tregs and Th cells in various stages of BA to determine whether dysfunction of Tregs and aberrant Th responses persist over time. We also sought to determine the impact of these cells on progressive liver fibrosis in BA patients.
Results
Persistent deficiency of Tregs combined with aberrant Th1, Th2 and Th17 frequencies in BA patients. A decreased frequency of Tregs has been reported in BA. 17, 20 However, it is unclear, whether deficiency of Tregs is persistent over the duration of disease and Treg function is altered. 20 To examine the dynamics of Tregs in BA, we analyzed the surface expression of CD4 and CD25 and the intracellular expression of FoxP3 transcription factor to determine the proportion of Tregs in peripheral blood from BA patients at various stages of disease. A deficiency of Tregs was detected in both early-stage (average 4.14 ± 1.03%) and late-stage BA (3.40 ± 1.01%) groups compared with the controls (5.18 ± 0.53%; Figure 1a ) and the controls (5.40 ± 0.50%) as reported; 20 however, 2 weeks after LT, the percentage of Tregs in peripheral blood mononuclear cells (PBMCs) of BA patients at the late stage of disease increased compared with preoperative values (4.44 ± 1.49% versus 3.40 ± 1.02%; Po0.05; Figure 1a ).
Next, we examined the percentage of Th1, Th2 and Th17 cells in peripheral blood by flow cytometry. The results showed that there was an increased proportion in both early-stage and late-stage BA groups compared with control groups of Th1 cells (early stage: 15.73% ± 14.62, late stage: 10.78 ± 8.50%, control: 1.39 ± 0.93%), Th2 cells (early stage: 2.11% ± 1.39, late stage: 2.39 ± 1.52%, control: 0.78 ± 0.51%) and Th17 cells (early stage: 0.43% ± 0.47, late stage: 0.62 ± 0.75%, control: 0.11 ± 0.07%; Figure 1b ). The increased frequencies in late-stage BA patients declined after LT in Th1 cells (6.97 ± 3.34% versus 10.78 ± 8.49%), Th2 cells (1.80 ± 1.19% versus 2.39 ± 1.52%) and Th17 cells (0.21 ± 0.13% versus 0.62 ± 0.75%; Figure 1b ).These results demonstrate that BA patients manifest persistent deficiency of Tregs and increased Th1, Th2 and Th17 frequencies in peripheral blood until after LT.
For decades, studies have focused mainly on the effects of Th cells and Tregs in bile duct injury of BA. 21, 22 However, the role of Th cells and Tregs in progressive liver fibrosis has remained undefined. To examine the involvement of T-cell subsets in hepatic fibrosis, we performed Pearson correlation between the proportions of peripheral Th1, Th2, Th17 or Tregs and histological stage of liver fibrosis in 56 early-stage BA patients. The results showed that the proportion of Th1 cells, but not Tregs, Th2 or Th17 cells, was positively correlated with the stage of liver fibrosis (r = 0.422; P = 0.001) in BA ( Figure 1c ).
The proportions of Tregs and Th cells in BA livers
compare with those in lymph nodes and PBMCs. We next analyzed Tregs and Th cells in livers and porta hepatis lymph nodes from 24 early-stage BA patients, and compared with the frequencies in PBMCs from matched BA patients. The results showed that the percentage of Tregs in BA livers (2.31 ± 0.74%) was lower than that in PBMCs (3.93 ± 1.20%) and lymph nodes (7.30 ± 1.86%; Figures 2a and c). Interestingly, an apparently higher frequency of Th1 cells was observed in BA livers (30.26 ± 21.48%) than in BA lymph nodes and PBMCs (9.91 ± 6.94% and 16.04 ± 15.81%). There was also an increased proportion of Th2 and Th17 cells in BA livers compared with corresponding values in BA lymph nodes and PBMCs (Figures 2b and c) . Subset analyses showed that the increased proportions of Tregs from PBMCs to lymph nodes, with the lowest level in livers was associated with a reverse pattern of decreased Th cells from PBMCs to lymph nodes, with the highest level in livers (Figure 2c , third row). Pearson correlation was performed between the proportions of intrahepatic Th1, Th2, Th17 or Tregs and histological stage of liver fibrosis in 24 early-stage BA patients. The results revealed that the frequency of intrahepatic Th1 cells, but not intrahepatic Tregs, Th2 or Th17 cells, was positively correlated with the stage of liver fibrosis (r = 0.752; Po0.001; Figure 2d , first panel). Therefore, these results demonstrate that deficiency of Tregs is associated with increased Th1, Th2 and Th17 frequencies in BA livers. The accumulated Th1 cells in livers may be related with the progressive liver fibrosis of BA.
Intrahepatic T-bet + Th1 cell numbers correlate with the stage of liver fibrosis in BA. On the basis of these findings, we then analyzed successive liver sections for Th1 cells by immunohistochemical and multiple immunofluorescence staining ( Figure 3 ). The grades of liver fibrosis were classified as I, II, III and IV according to Masson's trichrome staining ( Figure 3a ). Immunohistochemical staining for T-bet, which specifically identifies Th1 cells, showed that intrahepatic T-bet + Th1 cell populations increased over the progression of liver fibrosis. Furthermore, T-bet + Th1 cells were located in close proximity to areas of fibrosis ( Figure 3b ). To clarify the spatial relationships between HSCs and Th1 cells, we performed immunofluorescence staining for alpha-SMA + HSCs and T-bet + Th1 cells. We found that alpha-SMA + HSCs were surrounded closely by multiple T-bet + Th1 cells ( Figure 3c ). Next, we quantified the number of T-bet + Th1 cells (median 10 cells, range 2-72, per 200 × 200 μm visual field). Pearson correlation analysis confirmed that the histological stage of liver fibrosis positively correlated with the number of intrahepatic T-bet + Th1 cells (r = 0.685; Po0.001; Supplementary Figure 1 ).
Th1 cells accelerate the proliferation and secretion of
HSCs through the IFN-γ/STAT1 pathway and this effect is attenuated by Tregs. Then, to evaluate the function of Th1 cells on HSCs, we used a co-culture system. Under normal physiological conditions, the activities of matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) are precisely regulated. A loss of activity control may result in diseases such as fibrosis. MMP2 is one of the most important members of the MMP family because it preferentially cleaves denatured collagens (gelatin), laminin and collagens. TIMP1 can both promote cell proliferation and inhibit the proteolytic activity of MMPs. 23, 24 Upregulation of profibrogenic genes MMP2, TIMP1 and collagen I was used as an indicator of the activation state of HSCs. 16 The proliferation of HSCs and expression of profibrogenic genes in HSC supernatants were tested in our study. Both Th1 supernatants and Th1 cells accelerated the proliferation of HSCs (Figures 4a and b ) and increased the levels of MMP2, TIMP1 and collagen I in HSC supernatants (Figures 5a-d ). Increased HSCs proliferation and collagen I secretion directly contribute to deposition of extracellular matrix proteins and scarring. 25 As fibrosis is also associated with altered patterns of matrix degradation, the regulation of MMP2 and TIMP1 by Th1 cells might therefore provide another mechanism for fibrosis. Our result showed that although there was a substantial increase in both MMP2 and TIMP1 levels in Th1-stimulated groups, the ratio of MMP2 and TIMP1 expressions decreased in Th1-stimulated groups compared with control group (Supplementary Figure 2 ). Next, to explore the potential pathways specifically mediating HSCs proliferation and activation, Th1 cells were pretreated with neutralizing antibodies against candidate cytokines. As shown in Supplementary Figure 3 , blocking of IFN-γ cytokine inhibited Th1-induced effects on HSCs, whereas anti-IL-2 and anti-TNF-α had negligible effects. Given that STAT1 is a downstream effector of IFN-γ pathway, we applied short interfering RNAs (siRNA), specifically targeting STAT1 (siSTAT1) or IFN-γR (siIFN-rR) expression, to investigate their functions in HSCs. The changes of STAT1 and phosphorylation STAT1 (p-STAT1) in this pathway were also analyzed. The results revealed that both Th1 supernatants and Th1 cells upregulated STAT1 activity in HSCs (Figure 5a , bottom panel and As Treg is an important regulator cell, we wonder whether Tregs regulate the Th1-mediated effects on HSCs by inhibiting IFN-γ production. We prestimulated Th1 cells with Tregs over 24 h, and added mixed supernatants or cells to HSCs. The results showed that Tregs blocked the Th1- Taken together, these data suggest that Th1 cells from BA patients accelerate the proliferation and secretion of profibrogenic markers of HSCs through the IFN-γ/STAT1 pathway. Of note, Tregs blocked the Th1-stimulated effects on HSCs. The regulation of HSCs by the interactions of Tregs and Th1 cells might therefore provide a mechanism for progressive liver fibrosis.
Intrahepatic IFN-γ/p-STAT1 levels increased over the progression of liver fibrosis in BA. The above in vitro study demonstrated that Th1 cells acted on HSCs through the IFN-γ/STAT1 pathway. We next investigated the IFN-γ/ STAT1 pathway in BA livers. Liver tissues were staged by Masson staining as described above. We further divided patients into two groups: mild liver fibrosis (fibrosis grades I and II) and severe liver fibrosis (fibrosis grades III and IV). We tested the expressions of collagen I, TIMP1, MMP2 and Figure 6a showed that both IFN-γ and p-STAT1 protein expressions were detectable in mild and severe groups of livers. Furthermore, the expressions of IFN-γ protein were elevated in severe liver fibrosis compared with those in mild liver fibrosis. Immunohistochemical nuclear staining for p-STAT1, revealed that intrahepatic p-STAT1 + cell populations were significantly increased in severe liver fibrosis compared with those in mild liver fibrosis, and p-STAT1 + cells were located in close proximity to areas of fibrosis. As for profibrogenic markers staining, Collagen I, TIMP1 and MMP2 protein levels were higher in severe liver fibrosis than in mild liver fibrosis. In addition, the expression of TIMP1 in severe liver fibrosis increased by almost threefold compared with expressions in mild liver fibrosis (Po0.01), whereas the expression of MMP2 was only slightly increased in severe liver fibrosis, and this change did not reach a statistically significant level (Figure 6b ). Thus, consistent with in vitro study, the intrahepatic IFN-γ/STAT1 levels increased in relation to the degree of progression of liver fibrosis in BA, and the ratio of TIMP1 and MMP2 expressions increased in severe liver fibrosis than in mild liver fibrosis.
Inhibitory capacity of Tregs from BA correlates with their CTLA-4 expression. Given that Tregs interfere with the regulation of fibrogenesis by Th1 cells, as we previously demonstrated, we wish to identify the interactions between Tregs and Th1 cells. First, we examined whether Tregs, isolated from BA patients induced the same immunosuppressive changes in Th1 cells as Tregs from controls. Supplementary Figure 4 demonstrated that Tregs from BA patients inhibit cytokine secretion by Th cells to a greater extent than Tregs from controls. Then, to identify the mechanism for Treg-mediated suppression of Th1 cells, Supplementary Figure 5 demonstrated that transfer of Tregs suppressed Th1 cells in PBMC cultures; pretreatment of Tregs with neutralizing anti-CTLA-4 antibody reversed this effect on Th1 cells, while the inhibitory effects of Tregs on Th1 cells were only slightly reversed upon addition of anti-IL-8, anti-TGF-β1 and anti-IL-10. Furthermore, the CTLA-4 expression of Tregs from BA patients correlated with their ability to inhibit cytokines secretion by Th cells (Figure 7a and Supplementary Figure 6 ). As for Treg subsets analysis, the results revealed that a deficiency of rTregs was detected in both early-stage and latestage BA groups compared with controls ( Figures 7b and c , Treg group I). In contrast, there was an obvious increase in the proportion of aTregs in all BA groups (Figures 7b and c , Treg group II). Then, the CTLA-4 expression was assessed for each subset, showing that aTregs highly expressed CTLA-4, whereas rTregs only weakly expressed this molecule (Figure 7d ). Because CTLA-4 expressions of Tregs correlated with their ability to inhibit cytokines secretion, aTregs with the Finally, to determine whether elevated Th1 cells in BA patients could affect the function and differentiation of Tregs, we assessed the proportions of Treg subsets after the PBMCs were stimulated with Th1 supernatants. As illustrated in Figure 7e , incubation with Th1 supernatants for 48 h upregulated the proportion of aTregs, without affecting the proportions of other Treg subsets. Next, to explore the possible pathways mediating Treg differentiation, Th1 cells were pretreated with neutralizing anti-IFN-γ, anti-IL-2 and anti-TNF-α antibodies. Blockage of IFN-γ cytokine apparently inhibited Th1-induced effects on aTregs (Figure 7e) , whereas the effects of other neutralizing antibodies were negligible (data not shown). Thus, Th1 cells upregulated the proportion of aTreg cells by secreting IFN-γ cytokine. The role of the IFN-γ signaling pathway in Treg differentiation and function will be investigated in a later study.
Discussion
A decreased frequency of Tregs in peripheral blood has been reported in BA patients. 5, 20 However, the dynamic of Tregs and Th cells in BA is unclear. In this study, we demonstrated that BA patients manifest persistent deficiency of Tregs and increased Th1, Th2 and Th17 frequencies in the peripheral blood. Furthermore, in contrast to previous studies, 20 in which liver tissue was not available for flow cytometry analysis, we used both fresh liver tissue and porta hepatis lymph nodes from BA patients for study of Tregs and Th cells. Subset analyses demonstrated an opposite changing pattern of Tregs and Th cells from BA PBMCs to BA lymph nodes and BA livers. The reason for a relatively lower frequency of Th cells in BA lymph nodes may be that increased Tregs suppressed the aberrant Th-cell function. On the contrary, the lowest proportion of Tregs in BA livers and consequent decreased inhibition for Th cells may account for the highest frequency of Th cells in BA livers (Figures 2a and b) . 
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The impact of Th1 responses on fibrogenesis is still controversial. 16, 17 Studies have shown that repeated peritoneal inflammation induces Th1 cells to compromise tissue repair by shifting acute inflammation into a more chronic profibrotic state. 25 In contrast, other models have highlighted conflicting roles for IFN-γ, described as an antifibrotic regulator that controls collagen synthesis and deposition, in the development of fibrosis. 26, 27 In our study, key findings are that, in the peripheral blood and intrahepatic environments, Th1 cell numbers positively correlated with the kinetics of liver fibrosis (Figure 1c and Figure 3a) , and Th1 cells were enriched in close proximity to alpha-SMA + HSC and areas of fibrosis in the liver (Figure 2 ). The positioning of Th1 cell near areas of fibrosis would appear advantageous for a role of Th1 cells in fibrogenesis by acting on HSCs. To identify the impact of Th1 cells on liver fibrosis, Th1 cells or Th1 supernatants from BA patients were co-cultured with HSCs, leading to a novel observation that Th1 cells from BA patients promoted the proliferation and secretion of profibrogenic markers of HSCs through the IFN-γ/STAT1 pathway. Furthermore, Tregs blocked the Th1-induced proliferation and secretion of profibrogenic markers of HSCs by inhibiting Th1-induced upregulation of STAT1 activity (Figures 4 and 5) . Consistent with the results of in vitro study, immunostaining revealed that intrahepatic IFN-γ/STAT1 levels increased in relation to the severity of liver fibrosis in BA, and decreased MMP2/TIMP1 ratio in severe liver fibrosis may contribute to increased matrix deposition and fibrosis. These data demonstrated that Th1 cells may accelerate the proliferation and secretion of HSCs by targeting IFN-γ/STAT1 signaling in BA livers. Our Given that Tregs in BA livers interfered with the regulation of fibrogenesis by Th1 cells, we then explored the mechanisms in inhibition of Th1 cells by Tregs. Our results demonstrated that Tregs can profoundly inhibit Th1 cells function in PBMCs by a CTLA-4-dependent mechanism. This could be explained by CTLA-4 transmission of inhibitory signals to CD80/CD86positive antigen presenting cells resulting in induction of indoleamine 2,3-dioxygenase (IDO) activity. 28, 29 Indoleamine 2,3-dioxygenase catabolizes the amino acid tryptophan, leading to localized tryptophan depletion and the consequent inhibition of T cells. 30 Because CTLA-4 expressions of Tregs correlated with their ability to inhibit cytokines secretion, as for Treg subsets, aTregs with the highest expression of CTLA-4 may be the main effectors for Th-cell suppression. Previous studies have identified the effects of Tregs on Th1 cells, while the effects of Th1 cells on Tregs have not been reported. In our study, we demonstrated that Th1 cells upregulated the proportion of aTreg cells by secreting IFN-γ cytokine. Elevated Th1 cells in BA patients may account for the high prevalence of aTregs, which may be generated in an attempt to compensate for the decreased proportion of rTregs.
In summary, deficiencies of Tregs result in aberrant Th1, Th2 and Th17 responses in the peripheral blood and livers of BA patients. The levels of both peripheral and intrahepatic Th1 cells positively correlate with the stage of liver fibrosis. Th1 cells accelerate the proliferation and secretion of profibrogenic markers of HSCs through the IFN-γ/STAT1 pathway in BA. Of note, the Th1-induced effects on HSC were attenuated by Tregs. The regulation of HSCs by the interactions between Tregs and Th1 cells might be part of the mechanism underlying progressive liver fibrosis and may be a suitable target for therapy.
Materials and Methods
Human subjects. Between 2013 and 2016, 146 patients with various stages of BA were enrolled in this study. PBMCs were collected from 128 early-stage BA patients (ages 1 month to 4 months) at the time of Kasai portoenterostomy in Xin Hua Hospital, 18 late-stage BA patients (ages 6 months to 10 months) admitted to Ren Ji hospital for liver transplantation (LT) and 20 age-matched control patients (ages 3 months to 11 months). Eighteen late-stage patients were followed for up to 2 weeks after LT. In addition, both porta hepatis lymph nodes and liver wedge biopsy samples were obtained at the time of the surgery from 24 early-stage BA patients. PBMCs (from 56 early-stage BA, 18 late-stage BA and 13 control patients) and immune cells (from 24 early-stage BA livers and lymph nodes) were analyzed for Tregs and Th cells by flow cytometry. Tregs or Th1 cells were isolated from 72 early-stage BA patients or seven control patients by magnetic cell sorting. This study was approved by the Ethics Committee of the Xin Hua Hospital and the Ren Ji Hospital, Affiliated to Shanghai Jiao Tong University School of Medicine, and written informed consent was obtained from the parents. The clinical characteristics of the patients are presented in Supplementary Tables.
Magnetic cell sorting. Tregs were isolated from PBMCs using the Human CD4 + CD25 + CD127 dim Regulatory T Cell Isolation Kit II (Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer's instructions. We also depleted Tregs from PBMCs using anti-CD25 microbeads (Miltenyi Biotec). Th1 cells were isolated using the EasySep Human Th1 Cell Isolation Kit (Stem Cell, Vancouver, BC, Canada). The purity of isolated cell populations was 485% as determined by flow cytometric analysis.
Cell culture. Human primary hepatic stellate cells (HSCs) were obtained from ScienCell (San Diego, CA, USA) and were cultured for two to four passages in 'Stellate Cell Medium' (SteCM, ScienCell) supplemented with 2% fetal bovine serum, 5 ml stellate cell growth supplement, 10 U/ml penicillin and 10 mg/ml streptomycin (all ingredients obtained from ScienCell) at 37°C with 5% CO 2 , and cryopreserved until further use.
Two days before the experiments, HSCs were thawed and 1.5 × 10 4 HSC/well were seeded in 48-well plates. HSCs were transfected with siRNA duplexes by the use of 
